I-Line sensitive photoacid and photobase generators were prepared.
Introduction
Photo-induced acid-catalyzed crosslinking systems have been widely studied by many workers [ 1 ] . The highly sensitive photocrosslinking materials can be used as negative-type photoresists, coating materials and printing materials.
Epoxides and polymers containing cyclic ether units are cationically or anionically crosslinkable. Photocrosslinking of these compounds can be accomplished by the photolysis of initiator molecules, followed by reactions of the resulting photoproducts with cyclic ethers.
Photoacid generators and photobase generators can be used as an initiator for the photoinduced crosslinking [2, 3] .
We previously reported the photocrosslinking system based on poly(vinylphenol) and fluorene derivatives having epoxy moieties on irradiation at 254 nm [4] . In that system, triphenylsulfonium triflate (TPST) was used as a photoacid generator, and 0-phenylacetyl acetonaphtone oxime (PaAnO) [5] as a photobase generator.
The system was applicable for the film whose thickness was less than 0.5 µm due to the strong absorption at 254 nm by fluorene derivatives.
Fluorene derivatives show little absorption at i-line (366 nm). It is expected that crosslinked PVP/diepoxy fluorene blended films having micron to millimeter-order thick can be prepared by using 366 nm light.
In this paper, i-line sensitive photoacid generator, 9-fluorenylideneimino trifluoromethanesulfonate (FITf), and photobase generator, 0-phenylacetyl fluorenone oxime (PaFO), were synthesized. Photolysis and photosensitization properties of those compounds for 366 nm light were discussed. The photoacid and photobase generators were used for photocrosslinking system based on poly(vinylphenol) and diepoxy fluorene derivatives. The crosslinked materials containing fluorene units are expected to be thermally stable and to show high refractive indices.
2. Experimental 2.1. Materials Poly(vinylphenol) (PVP) (Mn = 8000) (Aldrich), polystyrene (PS) (Mw = 2.8 x 105) (Aldrich), and 2-chlorothioxantone (CTX) (Tokyo Kasei) were used as received. Benzophenone (BP) (Tokyo Kasei) was purchased and purified by recrystallization from ethanol. Fluorene derivatives, fluorene-9,9'-bis(4-phenoxyethyl glycidyl ether) (FBPEG) (softening temperature: ca. 50 °C) and fluorene-9,9'-bis(4-phenyl glycidyl ether) (FBPG) (mp: 150 °C), were supplied from Osaka Gas Co., Ltd.
9-Fluorenylideneimino p-toluenesulfonate (FITS) [3] and PaAnO [5] were prepared as reported previously. Other reagents were purchased and used without further purification.
Synthesis of FITf was carried out as follows: Fuorenone oxime (0.25 g, 1.3 x 10"3 mol) and trifluoromethanesulfonic anhydride (0.40 g, 5.l x 10"3 mol) were dissolved in benzene (5 mL), and heated at 50 °C for 30 min with vigorously stirring. The reaction mixture was cooled, diluted with benzene, washed with 15% sodium carbonate once and with water twice. The benzene layer was separated and dried over anhydrous sodium sulfate. Synthesis of PaFO was carried out with a similar procedure for PaAnO. Fluorenone oxime (1.00 g, 5.1 x 10"3 mol) and triethylamine (0.73 mL, 5.2 x 10"3 mol) were dissolved in tetrahydrofuran (THF) (13 mL), and cooled to 0 °C. Phenylacetyl chloride (0.70 mL, 5.1 x 10"3 mol) was added dropwise over 10 min. White powder precipitated. 
2.2.
Photolysis of photoacid or photobase generators Photolysis of photoacid or photobase generators was carried out in acetonitrile or in PS film. The procedure of photolysis in PS film was as follows: all sample films were prepared on quartz plates or silicon wafer by spin-casting from solutions of cyclohexanone containing PS, photo-sensitizer (0-10 wt%), and photoacid or photobase generators (10 or 20 wt%). The sample films were dried on a hot plate at 90 °C for 1 min. The thickness of films was 1.2-1.6 µm. Irradiation was performed at 366 nm using a medium-pressure mercury lamp (Ushio UM-102, 100 w) with a TOSHIBA UV D36B filter in air. photo-sensitizers, and photoacid or photobase generators. The sample films were dried on a hot plate at 90 °C for 1 min. The thickness of films was about 0.6 µm.
After irradiation and post-exposure baking (PEB), insoluble fraction was determined by the film thickness before and after developments in THE for 10 min.
2.4. Measurement 1H NMR spectra were observed at 400 MHz using a JEOL LA-400. UV vis spectra were taken on a Shimadzu UV-2400 PC. FT IR measurements were carried out using a JASCO IR-410. Thermal decomposition behavior was investigated with a Shimadzu TGA 50 thermogravimetric analyzer (TGA) under nitrogen flow. Thickness of films was measured by an interferometer (Nanometrics Nanospec M3000).
3. Results and Discussion 3.1 Photolysis of FITf 9-Fluorenylideneimino p-toluenesulfonate (FITS) and benzanthronilideneimino p-toluenesulfonate (BITS) are known to work as i-line sensitive photoacid generators [6] . A proposed mechanism is shown in Scheme 1. In this paper, trifluoromethanesulfonate ester of fluorenone oxime, FITf, was synthesized. The difference in Fig. 1 shows the UV spectral changes of (a) FITf and (b) FITS on irradiation at 366 nm in acetonitrile.
Both profiles were similar with each other, which strongly suggests that photolysis occurred in the same reaction mechanism shown in Scheme 1. The absorbance around 250 nm and 300 nm decreased with irradiation dose. The isosbestic points were observed at 285 nm and 315 nm. The increase in absorbance at 350 nm is due to the formation of fluorenone azine [3] . It is supposed that the cleavage of -0-N bonds of imino sulfonates and the subsequent abstraction of hydrogen atom lead to the formation of azine and ketone on irradiation at 366 nm. The rate of the decomposition degree of FITf on irradiation was about 1.5 times larger than that of FITS by brief estimation based on UV spectral changes. The molar absorption coefficient of FITf was 3/4 of FITS at 366 nm (See Table 1 ). Quantum yield of decomposition (td) of FITf was estimated to be about twice as large as cd of FITS. The increased photo-sensitivity and the decreased thermal stability of FITf (See Table 1 ) compared with FITS may be due to the decrease of the strength of -O-N= bonds of imino sulfonates in FITf by the influence of the strong electron-withdrawing trifluoromethyl unit.
UV sprectral changes of PS film containing 5 wt% of FITf on irradiation at 366 nm are similar with those of FITS and FITf in acetonitrile (Fig. 1) . The decomposition degree of FITf in PS on irradiation was followed by IR measurement using the peak at 1422 cm' ascribed to N=C stretching of imino sulfonate. The result is shown in Fig. 2 . The decomposition degree of FITf in PS on silicon wafer was about two times larger than that on quarts plate. It is considered that reflection of 366 nm light on silicon wafer enhanced the photolysis of FITf. It is known that the value of ~d for FITS does not strongly depend on the wavelength of irradiation light and matrices. The quantum yield of acid generation (ma) of FITS in polymer matrices was reported to be 0.13 and the value was ca. 80 % of that of decomposition (1d = 0 .16) [3] . Thus, the values of 1 d and to for FITf are estimated to be about two times larger than that of FITS in PS and PVP/diepoxy fluorene blends.
Photocrosslinking of PVP/diepoxy fluorene blends with FITf
It was reported that insolubilization was observed for PVP/FBPEG (411, mol/mot) blended film containing 2 wt% of TPST after irradiation at 254 nm with a dose of 36 mJ/cm2 and following PEB treatment at 100 °C for 2 min [4] . A proposed reaction mechanism for the photocrosslinking of the system is shown in Scheme 2. When sample films were irradiated at 254 nm, photoacid generator decomposed to generate acid. Protonation of epoxy units occurs. The electron deficient methylene (or methine) group adjacent to oxonium ion is attacked by phenolic OH groups. Then, deprotonation of phenolic oxonium ion occurred to produce a phenol/epoxy crosslinking site. Acid-catalyzed polymerization of epoxy group may be a minor reaction.
The crosslinking reaction was catalyzed by strong acid like trifluoromethanesulfonic acid.
p-Toluenesulfonic acid was not effective for the crosslinking system. When PVP/FBPEG blends with FITS were irradiated at 366 nm, no insolubili- On the other hand, PVP/FBPEG blends with FITf were crosslinkable by irradiation at 366 nm. However, the insolubilization was observed when the irradiated films were baked at 120 °C. As shown in Fig. 2, decomposition degree of FITf on irradiation with a dose of 250 mJ/cm2 was ca. 90 % in a PS matrix.
Decomposition degree of FITf in PVPIFBPEG blends is considered to be of little difference against that in a PS matrix. When PVPIFBPEG blended film containing 2 wt% TPST was irradiated at 254 nm with a dose of 36 mJ/cm2 and baked at 100 °C for 2 min, insolubilization was observed.
The difference of the photocrosslinking properties between PVP/FBPEG/FITf and PVP/FBPEG/TPST systems may be due to the by-products generated by the photolysis of FITf. Fig. 3 However, insolublizaiton of the unirradiated samples occurred by longer PEB treatment.
The results indicate that thermal stability of FITf is not so good.
The dependence of insolubilization of. PVP/FBPG films on the irradiated dose is shown in Fig. 5 . When the sample film was irradiated with a dose of 20 mJlcm2 and PEB treatment at 130 °C for 2 min, the insoluble fraction was found to be 70%. Insoluble fraction slightly increased with exposure dose (ca. 90% with a dose of 500 mJlcm2).
These results indicate that PEB conditions are one of the most important factors for the photoinduced insolubilization of the PVPIFBPEG blended system using FITf. 
Photolysis of PaFO
We reported the photocrosslinking system based on PVP/diepoxy fluorene blends containing PaAnO with irradiation at 254 nm and following PEB treatments [4] . However, 366 nm light is not effective for the photolysis of PaAnO. In this paper, the fluorenone derivative PaFO absorbing 366 nm light was synthesized and photolysis of PaFO was investigated. Photosensitization behavior of BP or CTX for the photolysis of PaFO or PaAnO on irradiation at 366 nm was also discussed. The absorbance around 250 and 300 nm decreased with irradiation dose. The isosbestic points were observed at 284 and 328 nm. According to the literature [7] , a supposed mechanism for the photolysis of PaFO is shown in Scheme 3. It is considered that the cleavage of -O-N= bonds of PaFO and the subsequent decarbonation, racial coupling, and hydrolysis lead to the formation of benzylamine and fluorenone on irradiation at 366 nm. The decomposition of PaFO on irradiation was followed by IR measurements. Fig. 7 shows the decomposition degree of PaFO and PaAnO in PS film in the absence and presence of photo-sensitizer. The photolysis rate of the photobase generators with photo-sensitizers was higher than that without photo-sensitizers. The relative photolysis rates of PaFO and PaAnO with BP (5 wt%), PaFO with CTX (10 wt%), and PaAnO with CTX (10 wt%) were 1.0, 3.7, 6.4, and 41, respectively.
Quantum yields of photolysis (d) ~of
PaFO and PaAnO were roughly estimated by using photolysis rate and molar absorption coefficient of PaFO (c = 360), CTX (c = 4100), BP (E = 70), and PaAnO (c = 0.54) at 366 nm in [7, 8] , ~d of PaFO is evaluated to be 0.027. PaAnO with CTX (10 wt%) ('td = 0.076) gave larger ~d value than PaFO.
Photocrosslinking of PVP/diepoxy fluorene blends with PaFO or PaAnO
A supposed reaction mechanism for the photoinduced amine-catalyzed crosslinking of. PVP/diepoxy fluorene blends is shown in Scheme 4. Nucleophilic addition of the photogenerated benzylamine occurs on epoxy moiety, which generates secondary and tertiary amines. The produced amines activate the phenolic OH groups to generate phenolate anions which attack the epoxy moiety. Polymerization of epoxy moieties catalyzed by amines seems less important in the system.
The insolubilization was observed for PVP/FBPEG film containing 10 wt% PaFO when irradiated at 366 nm with a dose of 2 J/cm2 and baked above 160 °C for 5 min. Fig. 8 shows the relationship between insoluble fraction and PEB temperature for PVP/diepoxy fluorene based film irradiated with a dose of 2 J/cm2. The insoluble fraction increased with PEB temperature. The onset temperature for the insolubilization was dependent on the photobase generator and sensitizer used. PVP/FBPEG film containing 10 wt% of photobase generators became insoluble on heating above 170 °C. Thermal decomposition of PaAnO and PaFO was observed at 192 and 185 °C by TGA measurements, respectively. This insolubilization seems to occur by the decomposed compound of PaAnO or PaFO at 170 °C. Insolubilization of PVP/FBPG film needed higher PEB temperatures than that of PVP/FBPEG films because of the low reactivity of the epoxy moiety in FBPG due to its rigid structure.
In Fig. 8 , insolubilization profiles of PVP/FBPEG film with PaFO and CTX were almost the same as those without CTX.
The remarkable effect of CTX was observed on irradiation with a dose of 2 J/cm2 and PEB treatment at 150 °C. Fig. 9 shows the relationship between insoluble fraction and PEB time.
Insoluble fraction increased with PEB time. The onset time for the insolubilization became longer with the decrease of the decomposed fractions of photobase generators. PEB condition was also important to enhance the insoluble fraction of PVP/diepoxy fluorene/photobase generator system. In the case of PVP/FBPEG film containing 10 wt% of PaAnO and CTX, insoluble fraction reached to 82% after irradiation (2 J/cm2) and PEB treatment at 150 °C for 10 min.
Properties of photocrosslinked of PVPldiepoxy fluorene blends
The thermal degradation of the crosslinked PVP/diepoxy fluorene blended films was investigated by TGA measurement. The crosslinked films were prepared as follows: PVP/FBPG film with PaFO was irradiated with 2 J/cm2 and PEB treatment at 180 °C for 10 min. The photocrosslinked PVP/FBPEG film with PaFO was prepared by irradiation with 2 J/cm2 and baked at 160 °C for 10 min.
Insoluble fraction of the crosslinked PVP/FBPG and PVP/FBPEG films in THE was 70% and 81%, respectively.
In the PEB conditions, insolubilizatton was not observed for unirradiated films. Properties of crosslinking were strongly affected by PEB conditions. Crosslinked PVP/diepoxy fluorene blends had good thermal stability. 
